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Abstract. Four successive storms with freezing rain and
snow blanketed South China from 10 January–2 February
2008, when the precipitation increased more than 200%–
300% above the average for the corresponding period. The
unusual atmospheric circulation associated with these disas-
ters was caused by many complex physical processes, one of
which was the active southern branch of currents over low
latitude ocean areas which provided plenty of water vapor
for South China. The ground-based GPS Precipitable Wa-
ter Vapor (PWV) measurements on the Tibetan Plateau, sup-
ported by the China and Japan Intergovernmental Coopera-
tion Program (JICA), has compensated for the lack of con-
ventional observations of atmospheric water vapor in this
area and provided a good opportunity to analyze the char-
acter of the water vapor transport in the four heavy precipi-
tation processes. It was found that the GPS stations located
on the southeastern Tibetan Plateau were on the route of the
water vapor transport during 25 January–29 January and 31
January–2 February when two heavy precipitation events oc-
curred over South China. The increasing trend from the one
to two days pre-observation by the GPS stations was then as-
sociated with the heavy precipitation. Precipitation during 10
January–16 January and 18 January–22 January was signif-
icantly related to the abnormal variation of the one day pre-
observation by the GPS stations located on the northeastern
Tibetan Plateau. This research indicates that ground-based
GPS measurements are applicable to data assimilation in op-
erational numerical models.
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1 Introduction
The Tibetan Plateau, the largest and highest plateau in the
world, has unique geologic features and plays an important
role in global energy and water cycles (Flohn, 1968; Ma
et al., 2006; Liu et al., 2007; Xu et al., 2008) and is also
the source of the Changjiang (Yangtze River) and Huanghe
(Yellow River). It serves as a transfer point for the water
vapor from low latitude ocean areas to East Asian areas in-
cluding the Changjiang Estuary region (Xu et al., 2003). It
is crucial to understand the impact of the Tibetan Plateau
on precipitation over East Asia and global climate change
in terms of dynamics and thermodynamics (Tao and Ding,
1981; Wu and Zhang, 1998; Wu and Qian, 2003; Zhao et
al., 2007). The lack of meteorological stations and observa-
tion of water vapor over the Tibetan Plateau has long been
one of the primary difﬁculties in the analysis and prediction
of abnormal precipitation over the Changjiang Estuary re-
gion. Recently, a complex meteorological observation sys-
tem was established on the Tibetan Plateau and its surround-
ing eastern area. This system, as an important component of
JICA, includes ground-based GPS, Automatic Weather Sta-
tion (AWS) and wind speed proﬁler, and provides high spa-
tial and temporal resolution PWV data. It has been proved
that PWV data measured by ground-based GPS has the same
accuracy as Radiosonde (Bevis et al., 1992; Rocken et al.,
1997; Iwabuchi et al., 2000; Braun et al., 2001; Fujita et al.,
2008; Shoji et al., 2009). Thus, the GPS PWV data under
JICA has compensated for the lack of conventional observa-
tions of atmospheric water vapor on the Tibetan Plateau. It
has been demonstrated that the observation of PWV can be
assimilated into the Weather Research and Forecasts (WRF)
model and it may signiﬁcantly improve the numerical simu-
lation and forecasting of precipitation over the downstream
area of the Changjiang (Peng et al., 2009).
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Fig. 1. Precipitation distributions of the four successive storms during (a) 10 January–16 January, (b) 18 January–22 January, (c) 25 January–
29 January, and (d) 31 January–2 February 2008. Units are mm.
From 10 January to 2 February 2008, South China expe-
rienced four successive storms with freezing rain and snow
which are very infrequent in terms of inﬂuence area, dura-
tion, intensity, and disaster loss. According to our records,
that snowfall was a once-in-50-year event which means its
largest precipitation has a 2% chance of occurring in any
given year. Figure 1 shows the precipitation distributions
during the four successive storms. The ﬁrst two heavy pre-
cipitations (Fig. 1a and b), during 10 January–16 January and
18 January–22 January, were over Anhui, Jiangsu, and Hubei
which are located in the northern part of South China. The
third and fourth precipitations (Fig. 1c and d) which occurred
during 25 January–29 January and 31 January–2 February
concentrated on the southern part of South China (specif-
ically, Jiangxi, Hunan, and Guangxi). Overall, there was
moreprecipitationinthethirdandfourthprocesses. Thetotal
precipitation from these four processes averaged more than
200%–300% of the corresponding period. It is well known
that transfer of water vapor is very important in successive
precipitation events. Thus, it is interesting to analyze the
inﬂuence of the water vapor over the Tibetan Plateau from
those four heavy precipitation processes. This study ana-
lyzed the features of the water vapor transfer and the inﬂu-
ence of the GPS PWV over the Tibetan Plateau on the precip-
itation processes by using hourly PWV from ground-based
GPS stations on the Tibetan Plateau and precipitation data
from AWSs in South China.
2 Synoptic circulation and vertically integrated water
vapor ﬂux in the precipitation processes
Based on the analysis of atmospheric circulation patterns
during the snowstorms, the successive heavy precipitation
over South China was caused by associated atmospheric
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circulation anomalies. Figure 2 displays the mean 500hPa
geopotential height anomaly ﬁeld observed during 10
January–2 February 2008 when positive and negative values
are shown in the northern and southern areas of East Asia,
respectively. The Ural Mountains were a strong positive
anomaly during the heavy precipitation over South China.
A steady block of high pressure in the vicinity of the Ural
Mountains was propitious to the cold air from Siberia sweep-
ing across China. A low-pressure system developed over
the southern Tibetan Plateau which caused warm moist air
to be continuously transferred to China with a southwesterly
ﬂow. At the same time, a strong subtropical high had ex-
tended northward with cold and warm fronts colliding and
heavy precipitation occurring over the downstream area of
the Changjiang. Therefore, transportation of warm, wet air
to South China may have caused the successive precipitation
over this area. Figure 3 shows the vertically integrated wa-
ter vapor ﬂux during the four heavy precipitation processes.
The water vapor ﬂux was computed from the NCEP/NCAR
reanalysis daily average data, where the spatial resolution is
1◦×1◦. The four panels of Fig. 3 represent the relative con-
tribution of water vapor in the four precipitation processes
during 10 January–16 January, 18 January–22 January, 25
January–29 January, and 31 January–2 February 2008. Fig-
ure 3a and b shows that this water vapor was mainly initiated
from the Arabian Sea and the Bay of Bengal and moved with
an eastward propagation of a short wave trough in the west-
erlies. The secondary source of the water vapor during the
ﬁrst two precipitation processes was the Paciﬁc Ocean where
water vapor moved westward to a strong convergence zone
in South China. Figure 3a and b also indicates that the wa-
ter vapor in the abovementioned movements passed through
the eastern Tibetan Plateau while abundant water vapor was
concentrated on the southeastern Tibetan Plateau. Thus, the
water vapor over the Tibetan Plateau was a crucial source
of the heavy precipitation in South China. Water vapor in
the third and fourth precipitations was partially transferred
by southwesterly ﬂow through the South China Sea and par-
tially originated over the Bay of Bengal and arrived in South
China with the southwesterly ﬂow ahead of south branch
westerly troughs. It is demonstrated in Fig. 3c and d that the
water vapor involved with the third and fourth precipitations
also passed through the southeastern Tibetan Plateau though
its origin and transferring path are different from those in
the ﬁrst two precipitations. Therefore, the eastern Tibetan
Plateau was an important transport point for water vapor dur-
ing the heavy precipitation processes over South China.
3 GPS PWV data
As abovementioned, during the 2008 heavy rainfall, abun-
dant water vapor was transported to South China along with
wetandwarmﬂows. TheGPSstationsontheTibetanPlateau
were on the route of the water vapor transport. Figure 4 de-
Fig. 2. Mean 500hPa geopotential height anomaly ﬁeld during 10
January–2 February 2008. The Solid and dotted lines indicate posi-
tive and negative values, respectively.
picts the locations of the eighteen ground-based GPS stations
having successful measurements during the storms and those
of the twenty-four AWSs that provide precipitation data of
South China.
It is known that GPS signal experiences propagation de-
lays when traversing the ionosphere and neutral atmosphere.
The ionospheric delay can be eliminated by using the dual
frequencies (around 1.5 and 1.2GHz) inherent in the GPS
signal (Bevis et al., 1992). The Zenith Total Delay (ZTD),
the delay of the neutral atmosphere, is estimated hourly us-
ing GAMIT/GLOBK v10.32 (King and Bock, 2005) and the
GPS data where a sampling rate of 30s and a cutoff angle
of 15◦ are applied. The ZTD can be split into Zenith Hydro-
static delay (ZHD) and Zenith Wet Delay (ZWD). The ZHD
is derived using the Saastamoinen model (Saastamoinen,
1972) and measured surface pressure while the ZWD can be
computed by subtracting the ZHD from the ZTD. The ZWD,
having an accuracy of 1cm, is then converted into PWV.
Measured surface temperature is employed in the conversion
from ZWD to PWV. Figure 5 shows the comparison between
the GPS PWV data from Mengzi, Yunnan (23.37595◦ N,
103.38509◦ E) and the PWV derived from radio-sounding
measurements. As the radio-sounding measurements are per-
formed two times a day at 12:00 and 24:00UTC, they were
compared with the GPS PWV data at the same time during 6
January–2 February 2008. The average bias of the two mea-
surements is 0.358cm while the standard deviations of the
GPS PWV and radio-sounding measurements are 0.509 and
0.401cm, respectively. The mean distance between the GPS
station and the radio-sounding measurement is 15km. Fig-
ure 5 shows that the PWV from the GPS station and radio-
sounding measurements agrees very well. The correlation
coefﬁcient is 0.83137 with a conﬁdence level greater than
99.9%.
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Fig. 3. Vertically integrated water vapor ﬂux from the surface to 100hPa during (a) 10 January–16 January, (b) 18 January–22 January,
(c) 25 January–29 January, and (d) 31 January–2 February 2008. Units are kg/(ms).
Fig. 4. Eighteen GPS stations on the Tibetan Plateau and Twenty-
four AWSs in South China.
Fig. 5. Comparison between GPS PWV data from Mengzi, Yunnan
(23.37595◦ N, 103.38509◦ E) and the PWV derived from airborne
measurements.
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Fig. 6. Hourly GPS PWV during 6 January–2 February 2008
from Lincang, Yunnan (23.88154◦ N, 100.08996◦ E); Dali, Yun-
nan (25.70729◦ N, 100.17593◦ E); Mengzi, Yunnan (23.37595◦ N,
103.38509◦ E); Tengchong, Yunnan (25.01855◦ N, 98.49748◦ E);
and Xichang, Sichuan (27.90411◦ N, 102.26766◦ E).
4 Analysis of the heavy precipitation over South China
using GPS PWV measurements from the Tibetan
Plateau
Figure 6 shows the hourly PWV data from ﬁve GPS sta-
tions during 6 January–2 February 2008. By comparing with
Fig. 1, we found that the precipitation over South China in-
creased with the GPS PWV. Speciﬁcally, the precipitation in
the third and fourth processes substantially increased when
the GPS PWV achieved its maximum value.
In this section, we study the relationship between the GPS
PWV and the heavy precipitation over the Tibetan Plateau
and South China, respectively. Because abnormal weather is
related to atmospheric disturbances at various scales of time
and space, the Empirical Orthogonal Function (EOF) analy-
sis is employed to ﬁnd time series and spatial patterns of the
Fig. 7. The (a) ﬁrst and (b) second eigenvectors of GPS PWV over
the Tibetan Plateau during 6 January–2 February 2008. The solid
and dotted lines indicate positive and negative values, respectively.
GPS PWV. Using EOF analysis, we extracted the large-scale
signal of the PWV from the low-order EOFs. At the same
time, the water vapor transports can be distinguished based
on their orientations and the origins of the moisture sources.
The hourly PWV data during 6 January–2 February 2008,
was standardized and decomposed into terms of Empirical
Orthogonal Functions (EOF) to describe the spatial and tem-
poral variability. The ﬁrst two eigenvectors explain 62% of
the total variance, which indicates that they describe the ma-
jor spatial distribution of the GPS PWV data over the eastern
Tibetan Plateau. Figure 7a shows the ﬁrst eigenvector that
explains 45% of the total variance. It suggests that the spatial
distribution of the GPS PWV data was quite stable during the
heavy precipitation over South China. Two largest variable
centers of GPS PWV are found in eastern Tibet and Yun-
nan. The second eigenvector (see Fig. 7b) explains 17% of
the total variance and indicates that eastern Sichuan and Yun-
nan have opposite variance for the spatial distribution of the
GPS PWV. Figure 7b indicates that the other variable center
of GPS PWV is located on the northeastern Tibetan Plateau.
The averaged altitudes of the GPS stations in eastern Tibet,
Yunnan and eastern Sichun are 3300m, 2000m, and 500m,
respectively. Thus, EOF analysis can be also used to distin-
guish the GPS PWV in terms of its variable centers and the
altitudes of the GPS stations. It also reveals that the distri-
butions of PWV in Fig. 7a and b correspond with the water
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Fig. 8. (a) Time coefﬁcient associated with the ﬁrst eigenvector of the GPS PWV over the southeast of the Tibetan Plateau. (b) Hourly
precipitation over area II. (c) Correlation coefﬁcients of the second eigenvector of the GPS PWV over the southeastern Tibetan Plateau
and precipitation over area II with 0–72h lags. (d) Time-frequency representation of the PWV from Dali GPS station. (e) Time-frequency
representation of precipitation from Ganzhou AWS.
vapor transport shown in Fig. 3c and d and 3a and b, respec-
tively.
This study analyzed the effect of the two variable centers
of GPS PWV on the heavy precipitation over South China.
As described in the introduction, the ﬁrst two heavy precip-
itation events happened in the northern part of South China
while the third and fourth precipitations were detected in the
southern part of South China. Based on the spatial distribu-
tion of the precipitation, we hereafter address the precipitat-
ing areas as areas I and II (see Fig. 4) that are associated with
the ﬁrst two and last two precipitations, respectively. Four-
teen and twenty AWSs, respectively, are located in these two
areas.
Based on the theory of EOF analysis, the time series of
expansion coefﬁcients associated with the ﬁrst eigenvector
of GPS PWV data represents the variation of the PWV over
time on the southeastern Tibetan Plateau during the heavy
precipitation. It is seen from Fig. 8a that the PWV over the
southeastern Tibetan Plateau did not substantially increase
during the ﬁrst two precipitations. However, during the third
and fourth precipitations, the PWV over the southeastern Ti-
betan Plateau signiﬁcantly increased which strongly corre-
sponds with the precipitation over area II (see Fig. 8b). Fig-
ure 8b shows the hourly precipitation given from the twenty
AWSs of area II, where heavy precipitation occurred inter-
mittently during 25 January–2 February. From the com-
parison between Fig. 8a and b, it is not difﬁcult to deduce
that the maximum values of the PWV over the southeast-
ern Tibetan Plateau were above the precipitation peaks for
area II. Shown in Fig. 8c are the correlation coefﬁcients of
the PWV over the southeastern Tibetan Plateau and the pre-
cipitation over area II with 0–72h lags. From Fig. 8c, the
PWV over the southeastern Tibetan Plateau is strongly cor-
related with the precipitation with a 24–48h lag giving con-
ﬁdence greater than 99.0%. Therefore, 1–2 days ahead of
PWV over the southeastern Tibetan Plateau can substantially
denote the precipitation over South China. To verify this
conclusion, we applied wavelet transform to hourly PWV
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from Dali GPS station (in Yunnan) and precipitation from
Ganzhou AWS (in Jiangxi) during the third and fourth pre-
cipitation events (23 January–2 February) where the Dali
GPS station and Ganzhou AWS represented the GPS stations
on the southeastern Tibetan Plateau and the AWSs on area
II, respectively. Wavelet transform is a powerful tool to de-
scribe the subgrid-scale variability of signals in the assump-
tion of a known coarse-scale ﬁeld (Kumar, 1996). In this
study, we used wavelet transform to separate physical mean-
ingful signal components from background noise and ana-
lyze the relationship between the variation in the PWV and
the precipitation over the Tibetan Plateau and South China,
respectively. Figure 8d and e are the time-frequency repre-
sentations of the PWV from Dali GPS station and the precip-
itation from Ganzhou AWS, respectively. It was found that
the variation trends of the PWV and precipitation are very
similar. The PWV formed slightly ahead of the precipitation,
particularly during the fourth precipitation when the increase
of the PWV was 1–2 days ahead of the precipitation. Over-
all, the results shown in Fig. 8 indicate that the southeastern
Tibetan Plateau was on the route of the water vapor transport
associated with the third and fourth heavy precipitations.
The time series of expansion coefﬁcients associated with
thesecondeigenvectorofGPSPWVdata(Fig.9a)represents
the variation of PWV over the northeastern Tibetan Plateau
during the heavy precipitation. Figure 9b shows the precip-
itation over area I. It is clearly evident that the PWV over
the northeastern Tibetan Plateau closely corresponds with
the ﬁrst two heavy precipitations. The PWV started to in-
crease on 9 January when the ﬁrst precipitation formed about
24h later. Then both the PWV and precipitation over area I
achieved their maximum values during 11 January–12 Jan-
uary. Moreover, the PWV showed a growing trend with the
coming of the second heavy precipitation on 18 January. It is
suggested that other water vapor sources may also have con-
tributed to the second precipitation process because of the
smaller PWV increase compared to the ﬁrst precipitation.
Figure 9c shows the correlation coefﬁcients of the second
eigenvector of GPS PWV and the precipitation over area I
with 0–72h lags. The relationship between the PWV over
the northeastern Tibetan Plateau and the precipitation with
a 0–24h lag arrives at the largest conﬁdence level – greater
than 99.0%. However, the duration of the relationship be-
tween the PWV over the northeastern Tibetan Plateau and
the precipitation over area I was not as long as the PWV over
the southeastern Tibetan Plateau and the precipitation over
area II. This may have occurred partially because the cen-
ter of the PWV over the northeastern Tibetan Plateau was
closer to the precipitation area than the southeastern Tibetan
Plateau. Of course, differences in the dynamical and thermo-
dynamical processes could be another reason that led to the
correlation between PWV and precipitation with a diverse
lag time.
Fig. 9. (a) Time coefﬁcient associated with the second eigenvector
of the GPS PWV over the northeastern Tibetan Plateau. (b) Hourly
precipitation over area I. (c) Correlation coefﬁcients of the second
eigenvector of the GPS PWV over the northeastern Tibetan Plateau
and precipitation over area I with 0–72h lags.
5 Conclusions
The area east of the Tibetan Plateau was one of the impor-
tant transport points of water vapor during the 2008 heavy
snowfall over South China. It became possible to analyze
the water vapor transport during the precipitation by taking
advantage of PWV data from ground based GPS stations on
the Tibetan Plateau. Using the EOF analysis method, we di-
vided the eighteen GPS stations into two GPS PWV groups
located on the southeastern and northeastern Tibetan Plateau.
We found that the southeastern Tibetan Plateau was on the
route of the water vapor transport during the third and fourth
heavyprecipitations. Theincreasedtrendfromtheonetotwo
days pre-observation of PWV over the southeastern Tibetan
Plateau could be a strong indication for heavy precipitation
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over area II. The northeastern Tibetan Plateau was one of
the important transport points for the water vapor during the
ﬁrst two heavy precipitations. The abnormal variation of the
one day pre-observation for this PWV group had very good
correspondence to the heavy precipitation over area I. It is
concluded that the variation in GPS PWV over the Tibetan
Plateau could be an important reference for the prediction
of precipitation over South China. Because the GPS sta-
tions were recently established and very limited data is avail-
able due to technical reasons, the discussion above was given
based on the analysis of the four heavy precipitation events in
2008. It is known that heavy precipitation is usually affected
by numerous meteorological factors and high PWV is only
one of them. However, our study has accessed the potential
for using the GPS PWV measurements as initial conditions
to improve the operational numerical models.
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